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X-ray diffractionThe structure and thermotropic phase behaviour of aqueous dispersions of dipalmitoylphosphatidylcholine
and glucosylceramide rich in C-24 fatty acyl residues was investigated by synchrotron X-ray diffraction
methods. Binary mixtures comprised of molar ratios 2.5:100, 6.5:100, 12.6:100, 25:100, 40:100 and 50:100,
glucolipid:phospholipid were examined in heating and cooling scans of 2°/min between 25 and 85 °C. Small-
angle reﬂections indicated coexisting lamellar structures over the entire temperature range investigated.
Reversible thermotropic changes were observed in one lamellar structure that is consistent with transitions
between gel, ripple and ﬂuid lamellar phases of pure phospholipid. The temperature of these transitions,
however, were progressively shifted up by about 5 °C in the mixture containing the highest proportion of
glucolipid and coincided with a published endothermic peak observed in this mixture. A higher-temperature
endothermwas associated with molecular rearrangements on transition of the gel phase phospholipid to the
ﬂuid phase. This rearrangement was associated with the appearance of identiﬁable transient intermediate
structures in the small-angle scattering region. The glucolipid formed stoichiometric mixtures with the
phospholipid at all temperatures investigated and there was no evidence of phase separation of pure
glucolipid. Analysis of the wide-angle scattering proﬁles during an initial heating scan of a binary mixture
comprised of 40:60 glucolipid:phospholipid was consistent with a phase transition of pure phospholipid at
about 43 °C coexisting with a liquid-ordered phase formed from the two lipids. This was conﬁrmed by
analysis of the small-angle scattering peaks of this mixture recorded at 25 and 65 °C which showed that a
glucolipid-rich phase coexisted with almost pure bilayers of phospholipid at both temperatures. The
glucolipid-rich phase consisted of 45:55 mole ratio glucolipid:phospholipid at 25 °C with pure phospholipid
in gel phase and 42:58 mole ratio at 65 °C when the phospholipid was in the ﬂuid phase. The results are
discussed with reference to the role of the length of the N-acyl substituent of the sphingolipids in formation
of complexes with phospholipids.© 2009 Elsevier B.V. All rights reserved.1. IntroductionCerebrosides are relatively simple glycosphingolipids found as
minor components of many cell membranes and most prominently in
myelinmembranes of the central and peripheral nervous systems. The
polar group consists of either a single glucose or galactose residue but
themost distinguishing feature is the presence of an unusually long N-
acylated fatty acid substituent of the sphingosine. This fatty acid is
typically lignoceric (C-24:0) or nervonic acid (C-24:1) [1,2]. The
factors that dominate the phase behaviour of these glycosphingolipids
are the propensity to form intermolecular hydrogen bonds and the
inﬂuence of the long N-acyl hydrocarbon chain.
Aqueous dispersions of cerebrosides form bilayer structures which
exhibit complex lyotropic and thermotropic mesomorphism [3]. They
form metastable phases and transform from one crystal structure to
another depending on the temperature and hydration conditionsll rights reserved.ﬁnally undergoing order–disorder transitions upon heating above
70 °C [4]. This means that unless they interact with other membrane
components in biological membranes they will tend to phase separate
into domains of crystal structure, a feature that is not observed even
when cerebrosides comprise proportions of about 25wt% of total polar
lipids found in myelin membranes [5–7].
Although glycosphingolipids are located predominantly in the
plasma membrane of cells they are not distributed randomly in the
lipid bilayer matrix. For example, galactocerebrosides are largely
conﬁned to the outer leaﬂet of the plasma membrane [8] whereas
glucosylcerebrosides are located in the cytoplasmic leaﬂet [9,10].
Glycosphingolipids are also found to be enriched in, so called,
detergent-resistant membrane rafts [11] raising the possibility that
they function in transmembrane signal transduction processes [12].
The tendency for sphingolipids, and especially neutral glyco-
sphingolipids, to phase separate into domains in model bilayer
membranes of diacylphospholipids is said to be a general feature of
immiscibility of the two lipid classes dependent on their particular
molecular structures and conformational properties [13,14]. Evidence
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sical studies of the phase behaviour of mixed aqueous dispersions of
neutral glycosphingolipid molecular species with phospholipids [15]
including synthetic galactosyl- [16] and glucosyl- [17] (N-palmitoyl)
sphingosines, bovine brain galactosylceramide [18,19] and glucosyl-
ceramide extracted from the spleen of patients with Gaucher's disease
[20–23].
The present study was undertaken to reconcile conﬂicting
interpretations of thermotropic phase behaviour of binary mixtures
of synthetic and naturally-occurring cerebrosides and phospholipids. I
have used the naturally-occurring glucocerebroside consisting mainly
of long N-acyl molecular species (GluCer). The sphingolipid was
mixed with dipalmitoylphosphatidylcholine (DPPC) so that gel and
ﬂuid phase miscibility could be assessed and a comparison made with
previous studies of mixtures of the phospholipid with C-16 N-acyl
derivative of cerebroside [16]. The study was performed using
synchrotron X-ray diffraction methods so that structural parameters
could be derived during thermal scans which could then be compared
to published calorimetric data. The results obtained are different from
the behaviour reported for the molecular species of cerebroside with
C-16 N-acyl fatty acid and the interpretation of calorimetric enthalpy
changes observed in thermal scans are not consistent with the
changes in hydrocarbon chain packing determined from the wide-
angle X-ray scattering intensity proﬁles recorded during heating and
cooling scans. I conclude that the long N-acyl fatty acid of the
sphingolipid confers special properties that prevent phase separation
from the phospholipid and promote the formation of complexes with
the phospholipid that exhibit characteristics of liquid-ordered phase.
2. Materials and methods
2.1. Lipids
Natural ceramide β-D glucoside (GluCer) extracted from the
spleen of patients with Gaucher's disease was purchased from
Matreya Inc. (Pleasant Gap, PA) and used without further puriﬁcation.
GluCer was N98% pure as judged by thin-layer chromatography and a
mean molecular weight of 812 g/mol was used. According to
published results [22] this source of GluCer is comprised mostly of a
mixture of saturated, long acyl chains principally of lengths C22 and
C24. 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) was pur-
chased from Avanti Polar Lipids (Alabaster, AL) and used without
further puriﬁcation.
2.2. Sample preparation
Samples for X-ray diffraction examination were prepared by
dissolving lipids in warm (45 °C) chloroform/methanol (2:1, vol/
vol) and mixing them in the desired proportions (denoted as moles
GluCer%DPPC). The organic solvent was subsequently evaporated
under a stream of oxygen-free dry nitrogen at 45 °C and any remaining
traces of solvent were removed by storage under high vacuum for
2 days at 20 °C. The dry lipids were hydrated with 10mMHepes buffer
(pH 7.4) containing 150mMNaCl, 0.1 mM CaCl2 and 0.1 mMMnSO4 to
give a dispersion of 25wt% lipid. This was sufﬁcient to fully hydrate the
lipids. The lipids were stirred thoroughly with a thin needle, sealed
under argon, and annealed by 50 thermal cycles between −20 and
95 °C ensuring a complete mixing of phospholipids. The samples were
stored under argon at a temperature not below 4 °C for at least 1 week
before examination. X-ray diffraction examination was performed on
samples equilibrated at 20 °C for 5 h before transfer into the
measurement cell. In order to check for possible dehydration or
demixing of the components various control measures were under-
taken such as checking for reversibility of phase behaviour during
subsequent heating and cooling cycles. The samples were alsochecked for the absence in small- and wide-angle X-ray scattering
regions for diffraction peaks from subgel phase of GluCer.
2.3. Synchrotron X-ray diffraction methods
X-ray diffraction measurements were performed at station 16.1 of
the Daresbury Synchrotron Radiation Source (Cheshire, UK). The X-
ray wavelength was 0.141 nm with beam geometry of ∼1×2.5 mm.
Simultaneous small-angle (SAXS) and wide-angle X-ray scattering
(WAXS) intensities were recorded so that a correlation could be
established between the mesophase repeat spacings and the packing
arrangement of acyl chains. The SAXS intensity was recorded on a
quadrant detector calibrated using wet rat-tail collagen (67 nm [24]).
The sample to quadrant detector distance was 1.5 m and symmetry of
the Bragg peaks was checked with a sample of silver behenate
(d=5.838 nm). The WAXS intensity was recorded with a curved INEL
detector (Instrumentation Electronique, Artenay, France). The wide-
angle X-ray scattering intensity proﬁles were calibrated using the
diffraction peaks from high-density polyethylene [25]. Lipid disper-
sions (20 μl) were sandwiched between two thin mica windows
0.5 mm apart and the measurement cell was mounted on a
programmable temperature stage (Linkam, Surrey, UK). The tempera-
ture was monitored by a thermocouple inserted directly into the lipid
dispersion (Quad Service, Poissy, France). The setup, calibration, and
facilities available on Station 16.1 are described comprehensively in
the website; http://www.srs.ac.uk/srs/stations/station16.1.htm.
Data reduction and analysis were performed using OriginPro8 soft-
ware (OriginLab Corp.).
2.4. Analysis of X-ray diffraction data
The small-angle X-ray scattering intensity proﬁles were analyzed
using standard procedures [26]. Polarization and geometric correc-
tions for line-width smearing were assessed by checking the
symmetry of diffraction peaks in the present camera conﬁguration
using a sample of silver behenate (d=5.838 nm). The orders of
reﬂection could all be ﬁtted by Gaussian+Lorentz symmetrical
functions with ﬁtting coefﬁcients greater than R2=0.99. Deconvolu-
tion is consistent with the sample to detector distance used [27].
Deconvolution of the SAXS intensity peaks was undertaken using
PeakFit (v4.12; Systat Software Inc.) software. Background subtraction
was performed on each diffraction band but no corrections for
polarization or geometric factors were necessary with the camera
conﬁguration employed.
Deconvolution of the WAXS intensity peaks was also undertaken
using PeakFit software. No corrections for polarization or geometric
factors were necessary with the HOTWAXS detector. Scattering in the
WAXS region originates predominantly from hydrocarbon chains with
a diffuse scattering contribution from the polar head groups. The
current theory underlying the scattering has been discussed else-
where in derivation of molecular order parameters from WAXS
intensities recorded from oriented bilayers [28]. In disordered ﬂuid
phases contributions to the WAXS scattering intensity proﬁle
originate from a distribution of hydrocarbon packing distances. The
width of the WAXS diffraction peaks are inﬂuenced by (1) the
distribution of acyl chain orientations and (2) the distribution of the
local directors of the phase which increases as the component of the
bilayer phase separated into gel phase melts around Tm and
redistributes about the GluCer-rich phase. In contrast to oriented
bilayers [29] no quantitative information such as a molecular order
parameter can be derived from a non oriented preparation to assess
the chain orientation or the domain size. Thus an analysis of WAXS
intensity proﬁles is limited to information about the average distance
between chains. In the case of hydrocarbon chain packing in gel phase
the chains may be oriented normal to the bilayer plane (the molecular
order parameter is close to 1) giving rise to a sharp symmetrical
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spacing. If the chains are rotating around a local director tilted at a
ﬁxed angle with respect to the bilayer normal (Lβ′ structure) a diffuse
scattering is observed on the higher-angle side of the sharp reﬂection
[30,31]. In the present analysis of the WAXS scattering proﬁles no
evidence of Lβ′ structure was observed in gel phases formed by binary
mixtures of DPPC and GluCer and all reﬂections in the region of
d=0.415–0.425 nm could be ﬁtted to symmetrical Lorentzian
+Gausian functions. The presence of a relatively broad scattering
ban on the low-angle side of the sharp peak is assigned to
hydrocarbon arranged in a less ordered conﬁguration than gel
phase. In presenting the peak width data the ratio of amplitude/full
width at half maximum amplitude is plotted to provide an index of
peak shape rather than purely peak width which is more closely
related to the state of molecular order of the hydrocarbon.
3. Results
To determine the effect of GluCer on the structure and phase
behaviour of phospholipid bilayers binary mixtures of aqueous
dispersions of GluCer and DPPC were examined by synchrotron X-
ray diffraction methods during heating and subsequent cooling scans
between 25 and 85 °C. Binary mixtures comprised of DPPC containing
2.5, 6.3, 12.6, 25, 40 and 50 mol GluCer%DPPC were characterised by
thermotropic phase behaviour and associated structural changes
evidenced from X-ray scattering intensity in both the SAXS andWAXS
regions.
3.1. Thermotropic phase behaviour
A summary of the SAXS intensity proﬁles shown at 5 °C intervals
during these temperature scans of four representative mixtures is
shown in Fig. 1. The presence of 2.5 mol GluCer%DPPC (Fig. 1A) does
not signiﬁcantly alter the thermotropic phase behaviour comparedFig. 1. Thermotropic structural changes in aqueous dispersions of GlcCer/DPPC in molar rati
recorded from samples equilibrated at 25 °C during a heating and subsequent cooling scan at
the direction of the thermal scans.with dispersions of pure DPPC. Thus the binary mixture containing
2.5 mol GluCer%DPPC can be seen to undergo a pre-transition at about
35 °C characterised by an increase in lamellar d-spacing and a main
transition at 41 °C where there is a decrease in lamellar d-spacing. The
lamellar d-spacing continues to decrease progressively up to the end
of the heating scan at 85 °C. Subsequent cooling of the dispersion
shows that the structural changes observed on heating are reversible
but the Bragg reﬂections are broader. This indicates that the lamellar
phase is more disordered but becomes more ordered upon equilibra-
tion at 25 °C. With increasing proportions of GluCer in the mixture
there is evidence of phase separation both in gel and ﬂuid phases of
the phospholipid. This can be seen in the second and higher-order
Bragg reﬂections in the codispersion of 25 mol GluCer%DPPC (Fig. 1B)
as well as mixtures containing greater proportions of the glycolipid
(Fig. 1C and D).
3.2. Analysis of SAXS intensity proﬁles
A detailed examination of the structural changes that take place in
the SAXS region during heating and cooling mixed aqueous disper-
sions containing 25 mol GluCer%DPPC or greater show that the
transitions are complex and are mediated through identiﬁable
transition structures. To investigate the structural changes associated
with the thermotropic transitions a peak ﬁtting analysis of the ﬁrst-
order Bragg reﬂections was undertaken. The analysis of phase
separations of GluCer and DPPC was performed on the binary mixture
consisting of 40 mol GluCer%DPPC shown in Fig 1C. Plots of the
lamellar d-spacings and scattering intensities derived from these
proﬁles throughout the heating and cooling scans are shown in Fig. 2A
and B, respectively. Two lamellar structures are observed in the
dispersion equilibrated at 25 °C. The scattering intensity from the
bilayer repeat structure of greater d-spacing (Peak 1) represents two-
thirds of the total scattering and the structure of smaller d-spacing
(Peak 2) the remainder of the scattering from the ﬁrst-orderos (A) 2.5:100 (B) 25:100 (C) 40:100 and (D) 50:100. The SAXS intensity proﬁles were
2°/min. The ﬁrst three-orders of lamellar repeat structures are shown. Arrows indicate
Fig. 2. The results of a peak ﬁt analysis of the ﬁrst-order Bragg reﬂections recorded from
the mixed aqueous dispersion containing 40 mol GlcCer%DPPC shown in Fig. 1C. The
Bragg peaks are resolved into two lamellar repeat structures with d-spacings (A) and
scattering intensity (B) shown as a function of temperature.
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of DPPC causes a transition to a number of distinct lamellar phases
over the temperature range 38 to 46 °C preceded by the disappearance
of sharp peaks in the WAXS region (see below). These structures
resolve on heating above 45 °C into two coexisting lamellar phases
with the scattering intensity of the phase of greater d-spacing almost
twice that of the structure of smaller d-spacing. Subsequent cooling
shows a reversal of the changes observed in d-spacing but with an
overall decrease in scattering intensity indicating that there is
hysteresis in the phase separation during equilibration at 25 °C.
Heating the sample containing 12.5 mol GluCer%DPPC or less to
temperatures above Tm of DPPC likewise resolves into two lamellar
structures but with heating to 85 °C there is a decrease in scattering
intensity of the structure of greater d-spacing until only a single
lamellar repeat is observed in the SAXS pattern. On subsequent
cooling of these samples, two lamellar structures are at ﬁrst seen
which are then replaced by four lamellar structures upon cooling
below Tm of DPPC. Annealing of the dispersions at 25 °C causes the
replacement of this complex patternwith Bragg reﬂections that can be
resolved into two lamellar structures of similar d-spacing. These
structural changes suggest that metastable structures form during the
thermal cycle that involve appearance of transient structures likely to
be associated with redistribution of the lipids in the bilayers.
3.3. Relationship between structural and enthalpy changes
The process associated with transitions observed in the SAXS
region in the temperature range 30 to 60 °C in the heating and cooling
scans were examined to compare the structural changes with
previously published enthalpy changes in this mixture. The scattering
proﬁles of the ﬁrst-order Bragg peaks of the mixture comprised of
40mol GluCer%DPPC in the temperature range of the transition during
the heating and cooling scans are shown at 1° intervals in Fig. 3A andB, respectively. The overall transition can be seen to proceed by
essentially the same structural changes in both heating and cooling
modes. Upon heating from 30 °C the scattering intensity of the peak of
d-spacing 6.55 nm (Fig. 3C) decreases and there is a corresponding
increase in the scattering intensity of the peak of d-spacing 7.04 nm.
The lamellar phase of smaller d-spacing is assigned as a gel phase
enriched in DPPC on the basis of the d-spacing and the relative
changes in peak scattering intensity as a function of the proportion of
GluCer in the binary mixture. The changes in scattering intensity
during the initial heating from 30 °C to about 37 °C (Fig. 3E) indicates
redistribution of molecules between the coexisting lamellar phases.
This culminates in the onset of the ﬁrst major transition enthalpy
change observed in the lower-temperature deconvolved calorimetric
endotherm (Fig. 3G). The initial component of this endothermic peak
is an abrupt increase in d-spacing which persists over the temperature
range 37 to 45 °C. The ﬁnal component of the transition evidenced
from scattering in the SAXS region is the appearance of a new lamellar
phase of smaller d-spacing than the structures it replaces. The
structural transitions in the SAXS region are consistent with a lamellar
gel to liquid-crystal phase transition with an intermediate lamellar
ripple phase of DPPC.
The higher-temperature endotherm (Fig. 3G) is associated with a
second major structural transition over the temperature range 45 to
55 °C evidenced by the disappearance of the preceding lamellar
structure of d-spacing greater than 7.3 nm. This structure is replaced
by two lamellar transition phases in the temperature region 46 to
52 °C, one of which represents a signiﬁcant component of the overall
scatting intensities over this temperature range. The structural
transitions are reversed in much the same sequence (Fig. 3D and F)
although there is considerable hysteresis and intermediate structures
are observed even on cooling to 25 °C. This indicates that redistribu-
tion of components continues during an annealing process to restore
the structure to a gel phase of DPPC and a lamellar structure enriched
with GluCer.
3.4. Analysis of WAXS intensity proﬁles
Scattering intensity proﬁles recorded from the WAXS region
during an initial heating scan of the dispersion comprised of 40 mol
GluCer%DPPC (Fig. 1C) are shown in Fig. 4. The scattering band can be
deconvolved into two components of d-spacing 0.42 and 0.45 nm,
respectively, at 25 °C using peak ﬁtting methods (Fig. 5A). The
component centred at d=0.42 nm is a relatively sharp peak (Fig. 5C)
and together with the position of the peak is reminiscent of
hydrocarbon chains packed in an ordered hexagonal array and is
assigned as a gel phase. The other peak of greater d-spacing is broad
(Fig. 5C) and typical of a less ordered arrangement of the hydrocarbon
substituents but more ordered that a liquid hydrocarbon. The changes
in scattering intensities of the two peaks are related to the enthalpy
changes by comparing Figs. 5B and D. This shows that the major
change in enthalpy centred at 42 °C is associated with disappearance
of gel phase and is close to the Tm of pure DPPC. From this it may be
inferred that the gel phase is created by phase separation of DPPC
when the dispersion is cooled below 42 °C. The relative scattering
intensities of the two peaks (Fig. 5B) suggest that not all of the DPPC in
the mixture is present as gel phase and the remaining phase consists
of GluCer and some DPPC. It is noteworthy that the endothermic peak
that is seen at higher temperature is not associated with signiﬁcant
changes in packing arrangement of the molecules as evidenced from
the WAXS scattering band and, as demonstrated above, is due to
rearrangement occurring in the lamellae.
3.5. Distribution of lipids in lamellar structures
The distribution of GluCer and DPPC was assessed in binary
dispersions equilibrated at 25 °C. The thermotropic changes ind-spacings
Fig. 3.Mechanism of structural and thermal transitions in a binary mixture of 40 mol GlcCer%DPPC in heating and cooling scans of 2°/min. Scattering intensity proﬁles in logarithmic
scale of the ﬁrst-order Bragg reﬂections are shown in heating (A) and cooling (B) scans shown by direction of arrows. Plots of d-spacings (C, D) and scattering intensities (E, F) in
heating and cooling scans, respectively. Arrows indicate the appearance of transient lamellar structures. Change in speciﬁc heat capacity of the same binary mixtures in heating (G)
and cooling (H) scans; data derived from published thermograms [23].
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samples are reminiscent of pure DPPC in aqueous dispersions. It is
characterised by a transition in the SAXS region to a lamellar structure of
d-spacing about 7.5 nm, representing the ripple phase, which is then
transformed into a lamellar structure of d-spacing about 6.1 nm
coincident with disappearance of a sharp WAXS peak at 0.42 nm and
its replacement by a broad scattering band at about 0.45 nm. The
ripple repeat spacing could not be conﬁrmed even in dispersions
comprised of 2.5 mol GluCer%DPPC and the sharp WAXS peak (Fig. 4)
was symmetrical consistent with an orientation of the hydrocarbon
chains normal to the lipid–water interface. It is noted that the
temperatures of the Lβ→Pβ→Lα are shifted to progressively higher
temperatures with increasing proportions of GluCer in the mixture to amaximum of 5 °C above that of the pure phospholipid. On the basis of
the phase transition behaviour this peak is assigned as pure DPPC. The
increases in phase transition temperature could be due to lyotropic
effects resulting from the proximity of glucolipids in the lamellar
structures (see Discussion).
The composition of the remaining lamellar structure was obtained
from a plot of the relative scattering intensity from the peak assigned
as pure DPPC against the mole fraction of GluCer in the mixtures.
This relationship is shown in Fig. 6. This is a straight line intercepting
the x-axis at a mole fraction of 0.45. Thus the GluCer-rich phase is
comprised of 45 mol GluCer and 55 mol of DPPC.
The molecular composition of the two bilayer phases that
coexist in the ﬂuid phase at temperatures greater than 55 °C can be
Fig. 6. Relationship between the relative intensity of the SAXS peak centred at 6.5 nm
(20 °C) and the mole fraction of GluCer in binary mixture with DPPC.
Fig. 4. Scattering intensity proﬁles recorded from the WAXS region during an initial
heating scan of the dispersion shown in Fig. 1C.
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of the peaks and the composition of the binary mixture. Peak
ﬁtting of ﬁrst-order Bragg reﬂections recorded at 65 °C for DPPC,
GluCer and binary mixtures comprised of 25 and 40 mol GluCer%
DPPC is illustrated in Fig. 7. The ﬁrst-order lamellar reﬂections of
the pure lipids can be ﬁtted with single Gaussian+Lorentzian area
peaks with a high degree of conﬁdence. In the binary mixtures
clearly two peaks can be resolved. The proportion of total
scattering intensity from Peak 1 increases as the proportion of
GluCer in the mixture increases and this peak is assigned as aFig. 5. Changes in peak ﬁtted parameters of the WAXS intensity band recorded from an aque
spacing; (B) X-ray scattering intensity; (C) Index of peak shape expressed as peak amplitu
deconvolved from a differential scanning calorimetric heating endotherm. Data derived frolamellar structure enriched in GluCer. The scattering intensities
from Peaks 1 and 2 expressed as a deconvoluted area after baseline
correction are presented in Table 1. As the diffraction peaks have
similar d-spacings it is reasonable to assume that the area of the
scattering curves is directly related to the mass of the respective
lamellar phase in the mixture. If we further assume the two
phases, GluCer-enriched and DPPC-enriched, possess ﬁxedous dispersion of 40 mol GluCer%DPPC recorded during a heating scan at 2°/min. (A) d-
de/full width at half maximum amplitude. (D) Changes in speciﬁc heat capacity, Cp,
m published scans [22].
Fig. 7. Peak ﬁts to ﬁrst-order Bragg reﬂections recorded from (A) DPPC; (B) 25 mol GlcCer%DPPC; (C) 40 mol GlcCer%DPPC; (D) GlcCer recorded at 65 °C.
Table 2
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molecules in each phase can be described as:
n1 = f1A1; n2 = f2A2 ð1Þ
where n1 and n2 are the moles of molecules in the GluCer-enriched
phase and DPPC-enriched phase; A1 and A2 are the integrated areas of
the two phases; f1 and f2 are coefﬁcients, respectively. The overall
mole fraction of GluCer in the mixed lipid preparation (x) is:
x =
n1α + n2β
n1 + n2
=
A1f1α + A2f2β
f1A1 + f2A2
ð2Þ
By further deﬁning t=A2/A1 as the relative scattering intensity
and f= f2/f1, Eq. 2 can be rearranged into the following form:
x = f t β − xð Þ½  + α: ð3Þ
Theunknownparameters in Eq. 3 are f,α, andβ. As phase separation
is observed for the GluCer:DPPC binarymixturewhen themole ratio is
greater than 6.3:100, it is reasonable to assume that the amount of
GluCer in the DPPC-rich phase is less than 4/104, i.e., βb0.04. This is
also consistent with the fact that the thermotropic phase behaviour of
binarymixtures containingb6.3molGluCer%DPPCare similar to thatof
pure DPPC. By assigning a value between 0 and 0.04 toβ, the remaining
twoparameters f andα in Eq. 3 can be obtained from least square linear
regression when plotting x as a function of t(β−x). Binary mixturesTable 1
Summary of peak deconvolutions of the ﬁrst-order Bragg reﬂections from mixed
aqueous dispersions of DPPC containing different mole fractions of GlcCer at 65 °C.
GlcCer:DPPC
(mol:mol)
x (GlcCer) Area Peak 1
(a.u.)
Area Peak 2
(a.u.)
T=area2/area1
25:100 0.2 0.04627 0.051599 1.115165
40:100 0.2857 0.043178 0.024267 0.562021
50:100 0.3333 0.042289 0.010507 0.248444comprised of 25, 40 and 50 mol GluCer%DPPC had well resolved ﬁrst-
order Bragg reﬂections and x and t values of these mixtures were
employed for calculation. The GluCer-enriched phase composition α
andotherﬁttedparameters aresummarized inTable2. Similar valuesof
α were obtained from all mixtures, i.e. 42.4±0.5%. This suggests that
the composition of the GluCer-enriched phase consists of about 42
molecules of GluCer:58 molecules of DPPC.
The distribution of DPPC and GluCer between the two coexisting
ﬂuid lamellar phases can be determined from knowledge of the
stoichiometry of DPPC and GluCer in the GluCer-rich structure. An
example of how this distribution can be calculated is shown for the
binary mixture containing 40mol GluCer%DPPC in the Supplementary
material. From Fig. 7C and Table 1 the ratio of the peak areas for this
mixture is 64:36 for Peak 1:Peak 2. The proportionate composition of
Peak 1 in this mixture is 52mol DPPC and 38.3 mol of GluCer and Peak
2 is comprised of 48 mol DPPC and 1.7 mol GluCer.
4. Discussion
4.1. Interpretation of thermal transitions
In the range of proportions of GluCer and DPPC examined in this
study the original explanation of the split of the endotherm of DPPC
into two components, one centred at up to 45 °C and the other atEvaluation of the composition (α) of Peak 1 at different assigned composition (β) of
Peak 2.
β f α R2
0 0.937 41.9% 0.95
1% 0.994 42.1% 0.94
2% 1.058 42.4% 0.94
3% 1.131 42.7% 0.93
4% 1.212 43.0% 0.91
Average 1.066 42.4%
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melted at the respective temperatures [23]. The present structural
analysis of these transitions, however, leads to the conclusion that
pure DPPC forms bilayers of gel phase at temperatures below 45 °C
that coexist with ﬂuid bilayers of a stoichiometric mixture of GlcCer:
DPPC of approximately equimolar proportions. This mixture is
characterised by disordered hydrocarbon chains with a packing
density giving a d-spacing less than 0.45 nm that do not undergo an
order–disorder transition at 59 °C. The higher-temperature endotherm
is therefore due to a rearrangement of the DPPC within the bilayers
because there is no signiﬁcant change in stoichiometry of the GluCer:
DPPC ﬂuid phase upon heating above the Tm of DPPC. One
interpretation of these data is that large scale phase separation of
DPPC takes place on cooling below Tm, consistent with formation of
ripple structure, which upon reheating above Tm redistributes into the
GluCer:DPPC phase in smaller domains of pure bilayers of DPPC. The
thermal data indicating the presence of ripple phase, a small increase
in Tm and phase separation of pure DPPC at low proportions of GluCer
has also been noted independently in this binary lipid mixture [32].
Comparison of DPPC with binary mixtures of egg phosphatidylcholine
and dimyristoylphosphatidylcholine with greater proportions of
GluCer indicates that phase separation of the sphingolipid occurs
when an equimolar proportion is exceeded [33].
In assigning a pure gel phase of DPPC to one of the deconvolved
SAXS Bragg peaks it was necessary to consider why the phase
transition temperatures of the putative Lβ→Pβ and Pβ→Lα transi-
tions were progressively increased by up to 5 °C with increasing
proportions of GluCer in the mixture. Previous calorimetric studies of
these mixtures [23] concluded that with proportions of GluCer up to
15 mol% a lower-temperature endothermic peak of the thermogram
closely resembles that of pure DPPC except that the peak is somewhat
broadened, the enthalpy is slightly less than that obtained for the pure
phospholipid and Tm is increased to 45 °C. There are two possible
explanations for an increase in transition temperature (1) formation
of a stoichiometric complex or compound between the two lipids
and/or (2) lyotropic effects in the stability of the gel phase. The
formation of a complex is not consistent with the observed decrease
and broadening of the transition enthalpy dependent on the
proportion of the two components in the mixture. Secondly, the
formation of a complex is unlikely to retain the ability of the
phospholipid to form a ripple structure which is driven by the
particular head group packing arrangements of the phospholipid
alone. Evidence supporting lyotropic effects include the low hydration
of glycolipid bilayers which apparently adhere by relatively strong
short-range attractive forces between sugar residues from apposing
bilayers [34]. The effect of the reduction of interbilayer water by the
proximity of sugar residues to the phospholipid in gel phase could
explain the observed lyotropic mesomorphism.
The phase transition behaviour of binary mixtures of palmito-
leoylphosphatidylcholine and bovine brain cerebrosides, which are
rich in C-24 N-acyl fatty acid, appears to be similar to that of synthetic
C-16 GalCer in DPPC in that gel phase immiscibility is observed [35].
The reason for this immiscibility was ascribed to the difference in Tm
of the two lipids which is in the order of 690 but the explanation is
more likely to be an incomplete mixing of the lipids in the
codispersion which requires exceptional measures [33].4.2. Coupling of bilayers
The SAXS scattering proﬁles can be clearly deconvolved into at
least two discrete lamellar phases. This means that the lateral
distribution of the lipids is coupled across the bilayer. This is
consistent with liquid-crystal physics which predicts that, in general,
order parameters of neighbouring molecules tend to be similar.
Additionally, it is believed that the bilayers must be coordinated intostacked regions of particular structure to generate strong Bragg
reﬂections.
It is apparent from a comparison between the thermal and
structural analyses that large scale redistributions of the lipids takes
place yet the essential features of coupling and stacking, as evidenced
by the discrete Bragg peaks, are retained. Thus lateral redistribution of
DPPC that takes place after transition of phase-separated gel to ﬂuid
phase is associatedwith a considerable uptake of heat and presumably
an increase in entropy offsets this to balance the overall Gibbs free
energy change in the system. The factors that ensure that the bilayers
of pure DPPC and the bilayers comprised of the stoichiometric mixture
of DPPC:GluCer remain coupled on the one hand and phase separated
on the other have been the subject of considerable conjectures.
A particular focus has been the role of the asymmetry in acyl chain
length of natural sphingolipids as a device to couple the two leaﬂets of
the bilayer by partial interdigitation of the longer N-acyl chain into the
opposingmonolayer. There is convincing evidence that interdigitation
does occur in lipid bilayers in gel phase but a function in coupling the
bilayers particularly in the ﬂuid state requires more careful considera-
tion. Direct evidence for interdigitation has been obtained from SAXS
intensity proﬁles [36,37] and inferred from electron density calcula-
tions of sphingolipid bilayers [34]. Spin-label [38,39] and infrared
spectroscopic studies [40] of asymmetric sphingolipid bilayers have
also led to conclusions that the terminal methyl groups of the long-
chain substituents are localized away from the central plane of the
bilayer. Nevertheless, the terminal methyl group of C-24 glycolipids
retains a remarkable degree of disorder [41] and exists in an
environment that is distinct from the interchain region expected if
the terminal methyl group extended into this domain of the opposing
monolayer at temperatures where the bilayer is not in the gel phase
[42]. Indeed it has been proposed on the basis of spin-label probe
studies that the additional hydrocarbon of the long N-acyl chain is
localized in the central domain of ﬂuid bilayers and the asymmetric
lipid is accommodated by greater exposure of the polar group to the
aqueous interface [43].
4.3. Lateral domain formation
Whilst the precise mechanism of coupling across individual
monolayers of the bilayer and coordination of bilayer stacks in
multilamellar arrays remains problematic an understanding of the
factors governing lateral phase separations of molecular domains is
more tractable. Gel phase separations in binary mixtures of phospho-
lipids and sphingolipids are observed when the proportion of the
lowest-melting component in the binary mixture is high. In the
present case gel phase separation of pure DPPC is demonstrated and,
when the amount of cerebroside exceeds equimolar proportions, gel
phase separation of the glycosphingolipid is seen at temperatures
below its Tm [16]. Above this temperature complete miscibility is said
to occur. There is now gathering evidence that stoichiometric
complexes are formed between phospholipids and glycosphingolipids
that resist gel phase separation at temperatures below Tm of either of
the components. The creation of 2:1 stoichiometric complexes of
liquid-ordered structure between palmitoyl-oleoyl-phosphatidyletha-
nolamine and glucosylceramide that coexist in ﬂuid bilayers of the
phospholipid at temperatures below Tm of the cerebroside has been
characterised by X-ray diffraction [42]. The formation of complexes or
other chemical compound between egg phosphatidylcholine and
brain ceramide has also been deduced from electrochemical impe-
dance spectroscopic measurements of black lipid ﬁlms [44]. The result
from this study was consistent with theoretical calculations yielding a
stability of the complex of (8.76±0.42)×107 m2 mol−1 assuming a
1:1 stoichiometry of complexes between the ceramide and phospho-
lipid. The magnitude of the afﬁnity between the molecules resulted in
a reduction in the sum of the molecular areas occupied by the two
lipids at the bilayer–water interface from 1.35 to 0.75 nm2. It can be
Fig. 8. Partial phase diagram of DPPC and GluCer in excess water.
2275P.J. Quinn / Biochimica et Biophysica Acta 1788 (2009) 2267–2276seen that the interaction energy associated with formation of
stoichiometric complexes between phospholipids and ceramides
must be sufﬁcient to prevent the phase separation of the sphingolipid
driven by strong intermolecular H-bonding [45] and consequent
dehydration of the lipid–water interface [46].
The present results appear to be in direct contrast to the reported
phase behaviour of binarymixtures of DPPC with synthetic C-16 GalCer
[16]. The shorter chain molecular species of galactosylceramide in
proportions up to about 20 mol% is completely miscible with the
phospholipid to form a phase which undergoes a gel to liquid-crystal
phase transition at temperatures up to 45 °C.Mixtures containinghigher
proportions of C-16 GalCer exhibit phase separation of a crystal form of
the galactosylceramide which mixes with the disordered DPPC-rich
GalCer phase only at temperatures above the crystal melting tempera-
ture (85 °C) of the glycolipid. Since the sugar residue plays an almost
identical role in the phase properties of glycosylceramides [47] the
difference inproperties of the twomixturesmust reside in thedifference
in length of the N-acyl substituent of the sphingosine moiety.
In more recent X-ray diffraction studies of binary mixtures of
phosphatidylcholines and sphingomyelins from biological extracts it
was found that where the hydrocarbon chain length of the two
phospholipids were approximately the same they were completely
immiscible [48]. It was shown that individual bilayer repeats of
coexisting phosphatidylcholine and sphingomyelin structure could be
identiﬁed at temperatures of both ﬂuid and gel phase of the
sphingomyelin. By contrast, molecular species of sphingomyelin
with predominantly long N-acyl fatty acid chains were completely
miscible with the phospholipid in the ﬂuid phase. Analysis of the
wide-angle scattering proﬁles showed that on transition of the
sphingomyelin with long N-acyl chains from gel phase during heating
a structure was formed with d-spacing consistent with liquid-ordered
phase. This behaviour was explained by the location of the polar group
of the sphingolipid with long N-acyl chains at the interface such that
hydrogen bonding occurred preferentially withwater rather thanwith
neighbouring sphingolipid molecules. The formation of intermolecu-
lar hydrogen bonds in sphingomyelin molecular species with chain
lengths comparable to those of the diacylphospholipid is responsible
for bringing about phase separation of the two phospholipids. Thus in
the case of glycosylceramides in the ﬂuid phase, rather than
interdigitating with the opposed monolayer, the long N-acyl chain
of the glycolipid causes the sugar group to protrude from the bilayer
interface preventing intermolecular hydrogen bonding, allowing the
phospholipid to interpolate between them and preventing phase
separation of a crystal form of the glycolipid. The location of the polargroups of C-16 galactosylceramide at the same interfacial plane
favours both intermolecular hydrogen bonding and coalignment of
the hydrocarbon chains leading to phase separation of glycolipid
crystals from the ﬂuid phospholipid-rich bilayers.
4.4. Partial phase diagram
Previous attempts to distinguish differences in phase behaviour
between cerebrosides with symmetric and asymmetric hydrocarbon
chains in mixtures with diacylphospholipids using 2H-NMR [41],
calorimetry [49] and spin-label [49] methods have not been deﬁnitive.
There are, however, clear differences from X-ray diffraction studies.
This can be seen from the partial phase diagram of DPPC and GluCer in
excess water in the temperature range 25°–85 °C presented in Fig. 8
and the phase diagram of DPPC and C16-GalCer [15]. The short-chain
molecular species in proportions less than about 23 mol% is
completely miscible with DPPC and forms a gel phase that undergoes
a transition to the liquid-crystal phase at a temperature close to that of
pure DPPC. With higher proportions of GalCer a phase-separated
lamellar crystal phase is detected that coexists with the gel and liquid-
crystal phases comprised of 23 mol% GalCer in DPPC. The longer-chain
molecular species examined in this study forms liquid-ordered phase
of equimolar proportions over the entire region of the phase diagram
investigated which is phase separated from excess DPPC. The DPPC-
rich phase undergoes Lβ→Pβ→Lα phase transitions at temperatures
close to pure DPPC.
This difference in behaviour could provide an explanation for a
particular role of the conspicuous asymmetry of chain lengths found
in many molecular species of sphingolipid. In mixtures with chain
mismatch there is a marked reduction in the tendency for the lipids to
self associate by intermolecular hydrogen bonds in the head group
and by van der Waals interactions throughout the length of the
hydrocarbon chains. The long N-acyl chains force the polar groups into
the aqueous interfacial region and the terminal methyl region of the
chain creates a domain of packing disorder in the central plane of the
ﬂuid bilayer. The interposition of phospholipids between glyco-
sphingolipid [42] and sphingomyelin [48] molecules in binary
mixtures results in creation of complexes with hydrocarbon chain
conﬁgurations analogous to a liquid-ordered phase.
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